Changes in labile soil phosphorus pools, together with changes in organic matter and total organic soil phosphorus levels, were measured following rhododendron harvest and hurricane windthrow events at the Coweeta Long Term Ecological Research (LTER) site. Seasonal soil samples were 1 taken every 3 months from June 1996 to September 1997. Soil cores were taken along four transects within each study area at distances approximately 1, 5, and 15 m upslope from the stream channel. Levels of resin P were low for all sites and sampling dates (<5 [jug PO 4 -P g soil" 1 ). Levels of bicarbonate inorganic P were <8 (jig PO 4 -P g soil" 1 for all sites and sampling dates, whereas bicarbonate organic P levels were somewhat higher and ranged from 6.5 to 26.6 jjig PO 4 -P g soil"
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WRIGHT AND COLEMAN SOIL SCIENCE between patterns of available soil phosphorus forms and soil carbon (Bpwen et al. 1991; Szott 1991; Tiessen et al. 1992) . Nutrients stored in woody debris, litterfall, and roots are slowly mineralized on their return to the soil system. However, high P-sorbing soils (e.g., Andisols, Oxisols, Ultisols) may lead to low phosphorus availability and subsequent limitations on biomass production in undisturbed forest ecosystems (Wood et al. 1984; Vitousek 1984) . Average standing crop biomass on high Psorbing soils for an undisturbed, hardwood watershed (WS 18) at the Coweeta LTER (Otto, NC) was partitioned as follows: 139.9 MT ha' 1 net aboveground and 51.4 MT ha" 1 belowground biomass and 4.4 MT ha" 1 litterfall dry mass production (Monk and Day 1988) . Average annual phosphorus content of the biomass was also calculated: 146.8 kg ha"Aboveground and 40.1 kg ha" 1 belowground biomass and 4.9 kg ha"
1 .litterfall (Monk and Day 1988) . Given the size and chemical composition of the soil organic matter pool, organic matter may be considered an important source for phosphorus recycling in the short and long term. In addition, organic phosphorus is an important source for labile phosphorus availability in high P-sorbing soils (Tiessen et al. 1984; Linquist et al. 1997) . The removal of litter and root inputs after disturbance events will likely diminish the production of available phosphorus forms in these soils.
This study was part of a larger investigation examining the effects of tree harvest and windthrow on nutrient cycling, microbial biomass, Nmineralization, seedling establishment, and litter decomposition. The objectives of this study were the riparian zone to near the ridgeline. Both study sites are northeast facing and sloped between 50 and 55%. The soils are mildly acidic, pH 5.0-5.5, Fannin fine sandy loam Ultisols (Swank and Crossley 1988; Maxwell and Coleman 1995) . Precipitation averages 180 cm per year and mean air temperatures are 12.6°C (Swift et al. 1988; Maxwell and Coleman 1995) .
Disturbance Events
In August 1995, one of the two study areas in Watershed 55 had all R. maximum stems cut and removed from a 10-X 30-m section of the study area. Rhododendron was selected as an organism of study because of its dominance as an understory shrub species at Coweeta. Since 1973, rhododendron cover has increased by 6%, and it is now present across 32% of the Coweeta basin (Dobbs 1995) . Rhododendron stems were cut with chain saws and hand carried off site in order to minimize disturbance to the soil system. Rhododendron stumps have been hand pruned repeatedly to prevent regrowth following harvest. Following the rhododendron removal, this plot was designated the Cut plot.
In October 1995, the vegetation in the second study area (the original control plot) was toppled by Hurricane Opal. All windthrow debris was left on site as it had fallen after the hurricane disturbance. Post-hurricane, this plot was designated the Storm plot for determining the effects of a catastrophic windthrow event on soil, stream, and hydrological processes. Hurricane Opal did not affect the Cut plot in any visually detectable manner.
to examine the changes in labile phosphorus fractions (resin P,bicarbonate inorganic P (P ; ),bicarbonate organic P (P o ) and microbial P) following ecosystem disturbance. Changes in organic matter and total organic phosphorus were also studied to examine the linkage between organic matter and labile phosphorus forms at Coweeta.
Site Description
The Coweeta Hydrologic Laboratory is located in Otto, North Carolina (35°03' N, 83°25' W). This study was conducted on two study sites located approximately 150 m apart within Watershed 55. Watershed 55 is alow elevation forest dominated by chestnut oak (Quercus prinus) and tulip poplar (Liriodendron tulipifera) in the canopy. The understory is dominated by rosebay rhododendron (Rhododendron maximum) from
MATERIALS AND METHODS

Soil Collections
Soils were collected on a seasonal basis from June 1996 through September 1997. Thus, data are available for 1.5 years postdisturbance, beginning 9 months after the tree harvest and windthrow events. Seasonal samplings occurred annually as follows: spring (March), summer (June), autumn (September), and winter (December). Samples were collected at three distances from the stream (1, 5, and 15 m) which were of similar relative elevations between the two sampling sites. Samples were taken along four transects established in both study sites of Watershed 55 that were located approximately 5 to 10m apart and were unaffected by either disturbance event.
Four adjacent soil cores (<25 cm apart and 5 cm diameter) were bulked together to form composite soil samples at each sampling site. The bulking together of four soil cores serves to minimize the heterogeneity of the sample and to ensure adequate soil content for the multiple analyses performed. Following the initial soil sampling, all subsequent soil cores were taken from an area less than 2 m distant from the initial sampling location.
Soil cores were divided into 0-to 5-cm and 5-to 10-cm depths and placed in soil collection bags for transport. The 0-to 5-cm soil depth includes the F and H portions of the litter layer in addition to the top 2 to 4 cm of A horizon mineral soil. The 5-to 10-cm soil depth includes solely A horizon mineral soil. Soils were stored at 4° C until analyses were performed. Gravimetric moisture content was determined on all soil samples as a weight-based proportion.
Phosphorus Fractionation
Soil phosphorus was fractionated using a slight modification of the procedure. Replicate, field moist samples (0.5 g dry mass) were extracted sequentially by shaking end over end for 18 h, beginning with 30 mL deionized water plus an anion exchange resin strip (Ionics Inc., Watertown, MA). Anion exchange resins were then extracted using 0.5 mol/L HC1, and the extract was analyzed for PO 4 -P, which is equivalent to bioavailable P in the soil Tate 1984 Tate , 1985 Wagar et al. 1986; Stevenson 1986 ; Schoenau et all 989).
For the second extraction, one of the soil replicates was extracted with 0.5 mol/L NaHCO 3 by shaking end over end for 18 h following treatment of the soil with 1 mL liquid chloroform for 10 min. The other replicate was extracted immediately with 0.5 mol/L NaHCO 3 , end over end, for 18 h. Subsamples of the nonchloroformtreated bicarbonate extracts were acidified with 1.8 mol/L H 2 SO 4 in order to precipitate the organic compounds out of solution (Tiessen et al. 1984; Potter et al. 1993 ). These acidified subsamples were, then analyzed for PO 4 -P, which is equivalent to exchangeable (labile) inorganic P (P ; ) in the soil (Tate 1984 (Tate , 1985 Tiessen et al. 1984; Wagar et al. 1986; Schoenau et al. 1989) .
Finally, subsamples of both chloroformtreated and -nontreated bicarbonate extracts were subjected to digestion by autoclaving for 1 h with 1.8 mol/L H 2 SO 4 and ammonium persulfate and analyzed for PO 4 -P . The difference -between the digested, nonchloroform-treated bicarbonate subsample and the acidified bicarbonate subsample is equivalent to bicarbonate organic P (P o ). The difference between digested, chloroform-treated and nontreated extracts yields microbial biomass P in the soil . The correction factor selected for the microbial P fraction was k p = 0.4 (Brookes et al. 1982; Walbridge et al. 1991) . However, because of the low pH and low P status of these Coweeta soils, a k value of 0.4 may overestimate the percent recovery of P from these soils. To minimize the sorption potential of P released from lysed cells, chloroform fumigation times were shortened to 10 min followed by chloroform removal under vacuum-induced boiling and immediate extraction with the sodium bicarbonate solution.
Total Organic Phosphorus
Organic phosphorus measurements were conducted on an annual basis utilizing archived (air-dried soil samples collected on a seasonal basis within Watershed 55 from March 1994 to September 1997) soil samples, beginning in August 1994 and September 1995 ,1996 . Thereafter, subsamples of air-dried soil were analyzed for organic phosphorus by the ignition method described by Saunders and Williams (1955) and as modified by Walker and Adams (1958) . Ignited (500°C for 4 h) and unignited soils were extracted for 18 h with 1 mol/L H 2 SO 4 . Total organic phosphorus is determined by subtracting the phosphorus in the unignited sample from phosphorus in the ignited sample.
The ignition/extraction method used to determine organic P in this study can greatly overor underestimate organic P, depending on the soil type being investigated (Dormaar and Webster 1964) . However, for within-watershed comparisons of organic phosphorus levels, these concerns with the ignition method are likely to be minimized.
Phosphate Determination
All soil phosphorus fractions were analyzed using the ammonium molybdate-ascorbic acid method described by Murphy and Pviley (1962) as modified by Potter et al. (1993) . All samples were analyzed for orthophosphate using a Technicon automated analyzer (Bran and Luebbe, Buffalo Grove, IL).
Organic Matter
Total percent organic matter was determined as the percent difference in weight between an oven-dried (60 °C for 48 h) soil sample and that SOIL SCIENCE same soil sample after ashing in a muffle furnace at 500 °C for 4 h. To determine total soil carbon, subsamples of air-dried soil were ground to a fine powder using a Spex Ball mill. Ground soil was then oven-dried, weighed, and analyzed using a Carlo Erba model 1500 total C/N analyzer (Carlo Erba Instruments, Italy). Total carbon was determined as a percentage on a dry weight basis.
Root Biomass
All soil samples were hand sorted before nutrient analyses, and all root tissue was removed, rinsed free of soil, and oven dried. No distinctions were made between live and dead root material taken from the soil. Total root biomass is reported as gram dry root tissue per gram dry soil weight.
Statistical Analyses
This study was conducted using a 2 X 3 factorial experimental design, over time. Factor one included the Storm and Cut Plots and factor two included the three distances from the stream (1, 5, and 15m). These factors were studied for 1.5 years. All analyses were performed using the SAS statistical package (SAS 1989) . The GLM procedure was used for all analyses of variance performed on unbalanced data sets. When the GLM indicated statistical significance, Tukey's Honestly Significant Difference test was used to differentiate among category means, with statistically significant differences occurring at the level of P< 0.05.
However, it is important to emphasize that there was no control vs treatment sampling design involved in these investigations. All data comparisons were made postdisturbance, between the Storm and Cut plots, on individual sampling dates. All soil samples were taken within Watershed 55 Storm and Cut plots. Therefore, this study was pseudoreplicated because there was no true multisite replication involved in these investigations. Only within-watershed comparisons of soil phosphorus levels may be made from the data collected within this study.
RESULTS
Resin Phosphorus
Levels of resin phosphorus were quite low for both sites and all sampling dates. Resin P ranged from 0.6 to 4.8 |xg PO 4 -P g soil" 1 in the 0-to 5-cm soil (Figs. 1 and 3 ) and from 0.37 to 2.4 u,g PO 4 -P g soil-1 in the 5-to 10-cm soil (Figs. 2 and 4). Resin P levels were always higher in the 0-to 5-cm soil than in the 5-to 10-cm soil, although these differences were not significant Fig. 3 . Cut Plot labile forms of phosphorus (resin P, bicarbonate P,, bicarbonate P 0 , and microbial P) in the 0-5-cm soil layer. Data are shown by sampling date and distance from the stream (1, 5, and 15m). ( Figs. 1-4) . Overall, there were no significant differences in resin P by distance from the stream (Figs. 1-4) . Levels of resin P in the Storm plot were higher than in the Cut plot for all sampling dates and transects although these differences were only significant for the June 1996 sampling date.
Bicarbonate, Inorganic Phosphorus Levels of bicarbonate P ; were low for both sites and all sampling dates. Bicarbonate P ; ranged from 1.2 to 7.9 u,g PO 4 -P g soil-1 in the 0-to 5-cm soil (Figs. 1 and 3) and from 0.6 to 8.0 (Jig PO 4 -P g soil" 1 in the 5-to 10-cm soil (Figs. 2 and 4). Bicarbonate P ; levels were significantly higher in the 0-to 5-cm than the 5-to 10-cm soil, except for June 1996, 1 m from the stream, in the Cut plot (Figs. 1-4) . The only significant differences, in bicarbonate P ; by distance from the stream were higher levels at 1 m (Figs. 1-4) ; however, this result was not consistent across sampling dates. In contrast to resin P, bicarbonate P ; levels tended to be higher in the Cut plot than in the Storm plot; however, those differences were rarely significant.
Bicarbonate Organic Phosphorus
Levels of bicarbonate P o ranged from 7.5 to 26.6 (Jig PO4-P g soil-1 in the 0-to 5-cm soil (Figs. 1 and 3) and from 6.5 to 20.3 |Jig PO4-P g soil * in the 5-to 10-cm soil (Figs. 2 and 4) . Bicarbonate P o levels tended to be higher in the 0-to 5-cm than in the 5-to 10-cm soil, although these differences were never significant. There were no significant differences in bicarbonate P o by distance from the stream. In addition, there •were no significant differences in levels of labile organic P between the Cut and Storm plots although Cut plot levels of bicarbonate P o were higher than those in the Storm plot.
Microbial Phosphorus
Levels of microbial phosphorus exhibited high variability within sample replicates. Overall, microbial P levels ranged from 4.5 to 25.8 jJLg PO 4 -P g soil" 1 in the 0-to 5-cm soil (Figs. 1 and 3) and from 5.5 to 23.2 (jig PO 4 -P g soil-1 in the 5-to 10-cm soil (Figs. 2 and 4) . Microbial P levels were higher but not significantly different in the 0-to 5-cm vs the 5-to 10-cm soil (Figs. 1-4) . Within plots, microbial P was typically highest at the 5-m distance from the stream (Figs. 1-4 ). There were no significant differences in microbial P between the Cut and Storm plots (Figs. 1-4) although the Cut plot microbial P levels were typically higher.
Total Organic Phosphorus
Levels of organic P were high for both sites and all sampling dates. Levels of organic P ranged VOL. 164 ~ No. 6 DISTURBANCE EVENTS AND SOIL PHOSPHORUS 397 from 149 to 348 (Jig PO 4 -P g soil-1 in the 0-to 5-cm soil and from 179 to 278 (Jig PO 4 -P g soil-1 in the 5-to 10-cm soil (Figs. 5 and 6 ). Levels of organic P were not significantly different between the 0-to 5-cm and the 5-to 10-cm soils (Figs. 5 and 6 ). Within plots, organic P tended to be higher at the 1-m distance from the stream; however, these results were usually not significant (Figs. 5 and 6 ). Levels of organic P also tended to be higher in the Cut plot than the Storm plot, although these results were usually not significant (Figs. 5 and 6 ). Overall, there were no significant differences in organic P over the course of this study.
Organic Matter
Annual levels of percent organic matter did not differ over the course of this study. There were also no significant differences in percent organic matter between the Cut and Storm plots over the course of this study. Total percent organic matter for the Storm plot was 12.09% in the 0-to 5-cm soil and 8.8% in the 5-to 10-cm soil. Total percent organic matter in the Cut plot was 11.49% in the 0-to 5-cm soil and 9.63% in the 5-to 10-cm soil. Finally, there were no significant differences in percent organic matter related to distance from the stream.
Total percent carbon did not differ between the Cut and Storm plots, nor were there 'differences due to distance from the stream. For the 0-to 5-cm soil depth, total percent C averaged between 47.97 and 49.82% for all transects and both sites. Therefore, samples were averaged across transects (within sites) for comparisons between percent soil carbon and labile soil phosphorus fractions. Pearson's correlation coefficients were 0.68 in the Storm plot for percent soil carbon and resin phosphorus and 0.63 in the Cut Plot for percent soil carbon and bicarbonate P;. All other correlations between percent soil carbon and labile phosphorus forms were not significant.
Root Biomass
Both sites included in this study have minimal herbaceous layers, and as of 1.5 years postdisturbance there had been only minimal regeneration of the canopy vegetation species. Thus, root biomass measurements were dominated by live and dead roots from the dominant tree species from within the watershed (Q. Prinus, L. tulipifera, and R. maximum). Overall, there were no differences in root biomass by distance from the stream or over the course of this study. Thus, root biomass measurements were lumped together by plot and soil depth. Root biomass ranged from 0.0105 to 0.012 g g" 1 soil in the 0-to 5-cm soil and from 0.004 to 0.006 g g" 1 soil in the 5-to 10-cm soil. Root biomass was significantly higher in the 0-to 5-cm than in the 5-to 10-cm soil. There were no significant differences in root biomass between the Cut and Storm plots although Storm plot root biomass tended to be higher.
DISCUSSION
Elevated levels of resin P, bicarbonate P ; , and P o and microbial P in the 0-to 5-cm vs the 5-to 10-cm soil (Figs. 1-4 ) occurred in both sites and across all sampling dates, however these differences were not always statistically significant. The elevated levels of organic matter and root biomass in the 0-to 5-cm soil support these results. Increased nutrient supplies in the form of roots, root exudates, and organic matter allow for higher sustained levels of microbial biomass in the rhizosphere compared with the bulk soil (Van Veen et al. 1989; Lynch and Whipps 1990) . Furthermore, increased but not limiting grazing pressure from soil microfauna (such as nematodes and protozoa) would lead to increased turnover and mineralization of nutrients from the soil microbial population (Anderson et'al. 1981; Ingham et al. 1985; Yeates et al. 1997) . .. In general, labile soil phosphorus fractions (except resin P) tended to be higher in the Cut plot than in the Storm Plot (Figs. 1-4 ). Higher levels of labile soil phosphorus may be caused by greater standing vegetation postdisturbance and, thus, higher root and litterfall inputs within the Cut vs. the Storm Plot. However, these explanatory variables-root biomass, percent organic matter, soil moisture (data not shown), and soil temperature values~ (data not shown)-were not significantly different between the two plots. Aside from differences in labile phosphorus fractions by depth and plot, significant differences in soil phosphorus pools were rare (Figs. 1-6 ). This lack of response to the disturbance events may be attributable to several factors, including the inherent spatial and temporal variability of soil phosphorus in natural or disturbed systems, the low phosphorus status of Coweeta soils, the stability of organic phosphorus and the minimal disturbance to the soil systems.
Natural and disturbed soils are inherently variable both spatially and temporally (Robertson et al. 1988; Robertson and Freckman 1995; Gorres et al. 1998) . Patchiness in soil properties, such as organic matter leads to "hot spots" of microbial and fauna! activity and, thus, varying levels of soil nutrients, which occur at different spatial scales.than VOL. 164 ~ No. 6 DISTURBANCE EVENTS AND SOIL PHOSPHORUS 399 may be captured using these soil sampling techniques (Christensen et al. 1990; Beare et al. 1995) . For example, Bowen et al. (1991) examined extractable phosphorus in the 0-to 20-cm soils of an Amazon forest and found a range of phosphorus values from 1 to 37 mg soil P/kg soil. However, most (97.6%) extractable P values were less than 4 mg kg" 1 , leading the authors to stress that there was probably no real significance in the difference in extractable P values of 1 vs 3 mg kg" 1 (Bowen et al. 1991) . The minimal differences observed within the labile phosphorus fractions in this study also likely occur within the inherent spatial and temporal variability commonly associated with nutrients in the soil. Transient significant differences in labile phosphorus fractions, as occurred within this study, are likely the result of the irregular distribution of organic matter within forested ecosystems rather than changes in labile phosphorus following either disturbance event.
Overall, levels of labile phosphorus were low for both sites and all sampling dates (Figs. 1-4) . Low levels of labile phosphorus may be expected in the highly weathered Ultisols of Watershed 55. These soils contain strong P-sorbing Al and Fe compounds (Wood et al. 1984; Hatcher 1988; Dighton and Coleman 1992) that compete with the plant roots and soil microbes present in surface soil horizons for available phosphate in the soil solution. Walbridge et al. (1991) reported that P-sorbing minerals, plant roots, and soil microbes all reached maximal levels in the near surface mineral horizons of Watersheds 1 (a low elevation, white pine plantation since 1957) and 18 (a low elevation, mixed hardwood, control watershed) at Coweeta. This strong competition for labile or bioavailable P forms in the soil solution may help explain the lack of significant differences in resin P, bicarbonate P ; and P o , and microbial P over the course of this study. Severe limitations on available P would result in the immediate uptake of any mineralized P forms, thus quickly removing them from the soil solution. Similar low levels in labile P forms have been found in northern prairie and boreal forest ecosystems (Schoenau et al. 1989 ) and in grassland ecosystems as well (Tiessen et al. 1983) .
In contrast, levels of organic P in this study were quite high (Figs. 5 and 6 ). The total organic pool is comprised mainly of highly recalcitrant phosphorus compounds , thus making it an important phosphorus fraction over the long term. Organic P is particularly important in supplying P to resin and bicarbonate P ; and P o fractions as a result of mineralization (oxidation) reactions affecting soil organic matter (Tiessen et al. 1983 ). This is supported by the strong correlations between percent soil carbon and resin and bicarbonate phosphorus forms in the soil. In this study, percent soil carbon was correlated most strongly with the dominant labile phosphorus form found within the specific study site (resin P for the Storm Plot and bicarbonate P ; for the Cut Plot). However, because of the recalcitrant nature of organic matter, it is unlikely that over the short time frame of this study, there would be any significant changes in the organic matter or labile P pools following these disturbance events.
Erosion on the hillslope in both the Cut and Storm plots after these events has been minimal. Erosion rates may have been minimized by the presence of thick root mats developed along with the thick rhododendron understory. In addition, the minimization of disturbance to the soil system during the rhododendron removal has likely helped maintain the integrity of the hillslope over time. The greater levels of disturbance caused by the windthrow pit and mound formation in the Storm plot should have led to increased erosion. However, the Storm plot hillslope may be maintained over the short term by the presence of the rhododendron root mat combined with the remaining downed vegetation across the hillslope. The low levels of erosion, coupled with the low level labile phosphorus status of these Coweeta soils, have likely led to the lack of significant changes in soil phosphorus pools following these disturbance events. This result is supported by other studies that report minimal changes in total or available phosphorus fractions following low intensity disturbance events (Lai and Cummings 1979; Uhl et al. 1982; Alegreetal. 1988) .
Finally, the lack of significant differences between the two sites may also be caused by an insufficient environmental gradient across the sampling sites. The environmental gradient between the two study sites included within this study is minimal, with the sites approximately 150 m apart and with nearly identical slopes, aspect, elevation, and vegetation. In addition, Szott (1991) states that relatively small sized disturbance areas (< 300 m 2 ) usually do not lead to significant changes in soil phosphorus fractions, and the Coweeta disturbance areas are approximately 300 m 2 . This effect may be particularly true in the Cut Plot, where the remaining standing vegetation would rapidly take up any mineralized phosphorus after the disturbance event. SOIL SCIENCE
CONCLUSION
In contrast to the 'typical' ecosystem responses to disturbance events such as tree harvest and windthrow, we have seen very minimal changes in soil processes and nutrient status following these events at Coweeta. Coweeta soils are highly P-sorbing and inherently low in available phosphorus under natural conditions. In addition, the presence of a thick layer of organic matter remaining on the soil surface, comprised of the slowly decomposing, recalcitrant, chestnut oak and rhododendron litter, will likely help sustain low levels of labile and total organic phosphorus pools in the short term. As a result of low levels of disturbance to the soil system following rhododendron removal and hurricane windthrow, coupled with minimal erosion after these disturbance events, hillslope integrity has been maintained and seems able to sustain internal phosphorus cycling patterns, at least in the short term. Finally, it is likely that more time will be required for the effects of the rhododendron removal and hurricane damage to manifest themselves in the factors being measured in this study.
